The essential requirements for energy storage for feature-driven applications in flexible electronics are addressed with the goal of finding the most compelling fit between product needs, consumer safety, and the technology capabilities. 
presented from the perspective of an energy storage technology developer. The essential requirements for energy storage for feature-driven applications in flexible electronics are addressed with the goal of finding the most compelling fit between products needs, consumer safety and the technology capabilities of different energy storage approaches. Micropower modules from supercapacitors to microbatteries and their limitations for flexible electronics will be discussed in terms of capacity, power and charge retention as the starting point. Following this discussion, limitations of lithium technologies in this flexible and thin (G 1 mm) application space are also outlined. This paper then presents a review of key requirements for energy storage for high functionality flexible electronics prototype systems and some approaches that have been explored to meet those needs. This leads to the conclusion that safe, low cost, flexible electronics energy storage requirements may be most appropriately met using intrinsically stable battery chemistry. Furthermore, such a materials approach allows for simpler lower cost processing and packaging, such as additive printing and roll to roll processing of thin and therefore more mechanically flexible cells. Examples and performance data from such a zinc polymer battery technology are given and compared to other thin and flexible battery approaches.
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I. INTRODUCTION: FROM MICROPOWER AND CAPACITORS TO PRINTED AIR-STABLE BATTERIES
The technical and practical challenges facing energy storage in emerging thin flexible electronic systems cannot be met by any one incumbent technology. Growing interest in wearable electronics, on body medical devices and Internet of Things (IoT) nodes is motivating developers, however, to address these challenges. Conventional approaches to powering mobile electronics have predominantly focused on maximizing capacity in rechargeable batteries intended as internal components in rigid products. New innovation and approaches to energy storage are required to meet the expanded physical and safety requirements of new flexible and thin form factor applications that are intended for new external use cases (Fig. 1 ). These use cases put different constraints on energy storage than the grid storage, EV, and mobile consumer electronics applications that have shaped the majority of conventional energy storage development efforts to date. Specifically, flexible electronics systems would benefit from energy storage solutions that are thin, robust and low cost for deployment in dynamically flexible on body, item and logistics packaging, and transportation environments. These scenarios imply that the energy storage device will experience direct mechanical and environmental stresses while still being able to safely maintain function. The electrical functions required include energy supply and power delivery to drive wireless communications, displays, and sensing along with the control and processing to orchestrate system operation for useful intervals ranging form days to months. Although there may be some closed loop systems and specialized exceptions, capabilities such as ubiquitous secure wireless connectivity (e.g., Bluetooth and WiFi), dense sensor data collection, and emissive or high information content displays add value for the broadest base of consumer, industrial and government end users. These functions require significant instantaneous peak powers and energy budgets beyond the micropower range to allow reasonable use and recharge time cycles. Also inherent in some applications, such as smart labels for packaging and disposable medical devices, is a need to minimize the full lifecycle cost of the system, from manufacturing to disposal.
In this paper, a technology background to the flexible energy storage field is provided from an energy technology developer's perspective. The subtopics follow some of the authors' key experiences and perspectives developed along the way to meeting energy storage challenges for flexible electronics. The background subtopic material summarizes the outcomes of internal developments, assessments of flexible electronics applications, and analyses of micropower device needs, supercapacitors, and conventional battery technologies that may be instructive when approaching this emerging field.
As an endpoint of this sequence and as an example solution, which may meet a broad range of the requirements, the authors present a novel zinc ion polymer battery chemistry for flexible energy storage. This zinc polymer battery technology emerged from mutual interests in thin and lightweight power sources for novel micropower and portable electronics and [1] , [2] flexible electronics [3] combined with the emerging potential of unconventional print-based low cost manufacturing [4] .
II. CHALLENGES FOR FLEXIBLE ELECTRONICS POWER SOURCES A. Electrochemical Capacitor Storage
Micropower applications were a starting point for some early research efforts in thin and printed energy storage. Electrochemical capacitors were investigated as a power source for micropower systems due to their simplicity in structure and small form factor potential. Micropower systems, including low power microcontrollers, microelectromechanical (MEMS) sensor/actuators, near field communications, and battery-assisted RFID [7] , can operate in the range of microwatts to milliwatts of power with processing capabilities in the thousands of operations per second range [8] . Assuming that desirable micropower system sizes are of the scale of 1 cm or less and device operation for hours to hundreds of hours is acceptable, it is reasonable to consider capacitive approaches. From a simple capacity and power perspective, micropower systems' sub-milliwatt power draws would allow, in some applications, useful operation times from relatively small capacitive energy reservoirs (e.g., 10 W average power draw for 200 hours of operation would require 2 mWh of energy storage at reasonable currents and voltages).
Recent reports on electrochemical capacitors (EC) show that, in practice, nearly 10 mWh=cm 3 of energy storage densities can be achieved [9] . Results in carbon-based ECs have exceeded nearly 5 times that value in the lab [10] . A hypothetical 500 micron thick EC module providing 10 mWh/cm 3 of energy density would output approximately 0.5 mWh/cm 2 and require a relatively large 4 cm 2 cell area to power the 10 W system mentioned above for 200 hours.
Perhaps the biggest design challenges for ECs as an autonomous system's sole energy reservoir are leakage and self-discharge. Intrinsic leakage in ECs can be high in relation to the amount of stored energy. This is particularly an issue at higher EC cell voltages where self-discharge rates can compete with and sometimes exceed the average powers 00 color curved, but rigid, AMOLED touchscreen, accelerometer, gyroscope, and heart rate sensor [5] , and (b) a Plastic Logic flexible monochrome AMOLED wearable demonstrator developed with Novaled emitter technology [6] .
needed to operate micropower electronics [12] . In spite of its practical impact, leakage information is not always disclosed in some recent high energy density EC capacitor reports, although, self-discharge time constants ranging tens to hundreds of hours from small commercial supercapacitors and ECs have been disclosed [12] , [13] , [15] . The following example demonstrates the impact of self-discharge on usable stored energy from an EC. The example uses a commercially available thin ($1 mm) supercapacitor with a carbon-based electrode and an organic electrolyte as a model. This cell has a capacitance of 160 mF and a leakage current of 1 A at 2.3 V [13] . From this potential the EC would ideally deliver 0.18 mWh of energy if it was discharged from 2.3 V to 0 V and there were no leakage losses. The leakage of current and energy from this EC can be modeled as a leakage resistance, R leakage , of $ 2 M. The cell potential decay time constant due to intrinsic leakage, R leakage C storage , is 133 hours based on a simple exponential model:
Àt=RC . Fig. 2 shows the normalized open circuit voltage and stored energy versus time curves for this EC model. The state of the cell is only subject to the internal self-discharge pathway approximated by R leakage . Here, we can see that the voltage on the capacitor decays under self-discharge to 50% of its initial value in 93 hours while the energy stored on the EC drops to half of its initial value in only 46 hours. Relaxation and bias dependent leakage effects observed in ECs and not described in this model can lead to more complex behavior. The exponential model, however, is a useful approximation that demonstrates the impact of the leakage issue. Another practical matter to consider is that finite cutoff voltages for circuits can limit the utilization of the full storage range of an EC. In addition, cutoff voltage restrictions often require the EC to be maintained in higher voltage ranges where leakage is most pronounced. All these factors can lead to the conclusion that the usable energy available from an EC is often mismatched to flexible electronics storage needs above the micropower range: $ 100 Wh and more than tens to hundreds of hours of storage time.
In contrast to typical micropower systems, connectivity in ubiquitous wireless networks readily accessible to portable electronics (e.g., Bluetooth, Wi-Fi) requires 10's to 100's of milliwatts of peak power, and average power draws of 10's of microwatts to low milliwatts for low duty cycle systems. Later in this paper we will show 2.4 GHz Bluetooth wireless sensor use cases that requires 10's of mAh of battery capacity for > 1 week operation on a single battery charge. Display modules can also require significant instantaneous peak power bursts ranging from microwatts to hundreds of milliwatts. Displays and wireless module power consumptions and transients are discussed in more detail in Section VII. All of these example modules that can form the basis of wearable, medical, or Internet of Things products, are beyond the microwatt range. In most cases, ECs by themselves cannot store and supply the energy required. ECs can provide useful high peak current bursts when combined with higher capacity but more rate limited batteries.
B. Energy Harvesting
Energy harvesting of ambient sources is also a consideration for powering, recharging or extending the time between recharging of remote micropower and flexible electronics [14] . In some cases, the power needs of small flexible electronics-based devices exceed ambient areal energy flows, such as ambient RF energy, that have been proposed as harvestable sources for flexible and thin electronics [15] . Solar or thermoelectric sources can potentially provide an energy stream to power or charge a small portable electronic system. As is the case for many flexible electronics system components, it is useful to think of energy harvesting in areal terms. In general, flexibility implies thinness, two-dimensionality and the distribution of system components in area-based designs and many flexible electronics systems are inherently twodimensional. If we consider a benchmark areal storage metric of 1 mWh/cm 2 , solar or thermoelectric modules could be used as a source, assuming the energy stream is accessible for sufficient time or large enough harvesting module areas can be integrated into the system design in a robust way. For example, a 10 cm 2 solar charger with a 10% module efficiency harvesting indoor light (Table 1) , could feasibly generate 100 W and charge a 1 mWh energy storage module in ten hours assuming 100% charge efficiency. However, larger energy capacity demands or showing the effects of self discharge leakage commonly observed in electrochemical capacitors. The R leakage C storage time constant here is 133 hours which is equivalent to an 160 mF capacitor with a leakage resistance of 3 M, and this is equivalent to an EC capacitor with 0.18 mWh of stored energy at 2.3 V and a leakage current of 1 A based on a commercially available 1.1 mm thick single cell supercapacitor [11] . Relaxation and bias dependent effects in different EC types can lead to more complex behavior including steeper initial slopes and extended exponential decays.
shorter charge times for higher functionality flexible electronics systems can run into an areal bottleneck as the total area needed for the energy harvesting element may be impractical. For example, 100 mWh of energy storage would need to be paired with a one square meter solar module for one hour charging at ambient light energy densities of 100 W/cm 2 with the same harvesting efficiency as above. In practice, this can mean that for some area-constrained (e.g., wrist worn), higher functionality devices, energy harvesting may only be supplementary to external charging of the battery.
In cases where average power consumption is low, energy harvesting coupled with energy storage can be an effective solution. Example of this are low duty cycle microcontroller sensor or radio systems that spend a majority of the time in low power sleep states and are only momentarily activated to record a data point or transmit an intermittent packet of wireless data. Examples of energy consumption for microcontroller-based sensor and wireless systems are detailed later in this paper.
C. Battery Technology Challenges for Flexible Electronics
The capacity and leakage limitations of ECs led to the author's exploration of printed batteries. While capacitors rely directly on electrostatics to store energy, batteries leverage energy-dense redox chemical reactions. Capacitor charge transport, and therefore discharge rates are generally faster than the ion transport and reaction kinetics inherent to batteries. The high energy densities and electrochemistry of a battery, however, allow for better ratios between energy storage and leakage currents along with more stable cell voltages under load and in open circuit conditions. In many instances, batteries or batteries with supplemental parallel capacitors will be used to provide the best balance of storage, stability and power delivery. Initial offerings in printed and large area batteries were either limited in capacity for practical thicknesses [16] , had limited power delivery capability [17] or were based on high cost, low throughput vacuum processing [18] . Lithium polymer cells achieve good energy densities with cells thicker than 1 mm, with energy densities in the range of 400 mWh/cm 3 and beyond (Fig. 3 ). That energy density drops, however, to approximately 100 mWh/cm 3 for thinner cells (G 1 mm), as will be discussed later in this paper. Furthermore, there are significant concerns for lithium polymer batteries with regards to safety, packaging failure, and toxicity for wearable devices.
1) Thin and Flexible Batteries for Consumer Electronics:
Flexible electronic systems can include a diverse array of components and functionality including input/output, logic control, memory, and sensing. There have been many novel approaches investigated for thin, flexible and low power displays [19] - [22] , memory [23] - [25] , logic, sensing and wireless connectivity [26] . Forward-looking designers and analysts have envisioned and projected compelling flexible electronic products based on these technologies ranging from information display, healthcare, and retail infrastructure where these products can bridge the gap between electronic systems and humans (e.g., wearable fitness and health monitors) and even the link between the virtual world and the real world (e.g., ubiquitous wireless identifier nodes for the Internet of Things). Great strides have been made over the past decades to make this a reality: consider the field of displays where we have seen the emergence of flexible, high efficiency OLED displays and low power electronic paper.
Energy storage can be one of the largest subsystems of many portable electronics products. Moving forward, to make electronics systems truly flexible, compatible flexible energy storage technology is also needed. To date, most energy storage approaches for flexible electronics have been restricted to accommodating a non-flexible lithium polymer cell in the design or modifying the lithium ion cell structure to allow a more flexible battery [27] . To improve the robustness of the battery stacks, some developers have tried to move away from the conventional pouch cell assembly of separators, electrode layers, and foils in a vacuum-sealed envelope. These efforts include incorporating inorganic materials as mechanical spacers for the electrolytes and eliminating the separator or using vacuum deposition-based approaches to build monolithic thin filmbased cell structures. In general, the approaches have shown the ability to show good cycle life, but at higher cost and with limited capacity. Forming a hybrid composite of large inorganic particles (e.g., inert ceramics) with organic electrolytes can reduce effective ionic conductivity and increase electrolyte thickness. The relatively low throughput and higher cost deposition processes associated with vacuum processed thin film cells are a manufacturing limitation, but there are also kinetic issues to consider. Thin film electrolytes tend to have considerably lower ionic conductivities than liquid and polymer electrolytes. Lithium phosphorous oxynitride or LIPON electrolyte materials can have ionic conductivities in the 10 À5 À 10 À7 S/cm, while polymer gel electrolytes can have conductivities of 10 À4 S/cm and higher. Although thin film electrolyte layers can be made thinner than other approaches (e.g., 5 m), which can compensate for poor ionic conductivity in a solid electrolyte, ionic transport to access the cathode can still be a limitation [28] . Cathodes can be made thin to allow better access for slower moving species, but this then limits the areal storage capacity of the cell as the storage capacity is typically limited by the absolute amount of cathode sites for ion storage. In typical metal oxide composite cathodes, it is generally desirable to have battery cathode thicknesses in the tens of m's range to achieve capacities in the mAh/cm 2 range. Vacuum deposited and non-composite electrodes at these thicknesses can suffer from cracking due to the build up of film stresses during processing and be more fragile to failure under flexing. Thicker cathode films also exacerbate process throughput and cost issues in thin film batteries.
2) Cell Packaging, Thickness and Capacity: To provide a source of power for flexible electronics systems, there is a need for safe, energy dense batteries that can be manufactured at low cost below 1 mm in thickness. There have been commercial efforts to manufacture batteries G 1 mm in thickness, however, as seen in Fig. 3 , these batteries have typically not exhibited energy densities beyond 0.2 Wh/cm 3 . Lithium polymer pouch cells show a significant volumetric energy density drop-off as the batteries are miniaturized. This performance roll-off is largely attributable to the excess encapsulation requirements and manufacturing limitations of lithium battery materials. Exposure to moisture and oxygen greatly degrades lithium cell performance and significant battery construction and process elements are needed to accommodate this sensitivity. Lithium polymer cells are typically packaged with polyester/aluminum/polyethylene heat-sealable laminates with thicknesses of approximately 200 microns per wall. Sealing margin widths around the perimeter of the pouch which add inactive space to the pouch cell layout are typically several millimeters in extent. As cells approach 1 mm in thickness and centimeter lateral dimensions, these packaging elements begin to impact the effective volumetric efficiency as they displace active cell materials and do not contribute to cell capacity. In the thinnest cell designs, including printed zinc polymer cells, a thin metal foil and flexible printed circuit boards with thicknesses G 50 microns can provide multiple functions including current collection and packaging. This results in a higher utilization of the available volume and contributes to higher volumetric energy densities in thin cell structures (Fig. 3 ). In the case of less environmentally sensitive chemistries, thinner and lower barrier top packaging films can be used as compared to the high barrier multilayer laminates used in lithium polymer cells. Nickel-metal hydride (NiMH) rechargeable batteries show a volumetric energy density drop off, similar to lithium polymer cells, due to their button cell packaging overwhelming the active cell volume as the batteries are miniaturized. Furthermore, it is challenging to mechanically form coin cell formats thinner than 1 mm. Less than 1 mm thick high volumetric energy density batteries will be critical to enabling flexible electronics. Fig. 3 shows the volumetric energy density of a range of lithium ion battery technologies including lithium polymer, lithium ceramic hybrid, and lithium thin film technologies versus cell thickness. While lithium polymer cells that are multiple millimeters in thickness can have energy densities exceeding 400 Wh/l, commercially-available lithium polymer cells with thicknesses G 1 mm have volumetric capacities near 100 Wh/l (e.g., Fullriver [34] and GMB/Powerstream [35] ). Thin film lithium ion technologies such as those based on the Oak Ridge National Laboratory patented LiPON system also have energy densities well below the 100 Wh/l level.
Packaging thickness and safety are also related. Prior to the now commonplace use of embedded lithium polymer pouch cells inside devices, lithium ion and nickel metal hydride battery packs for portable electronics were designed to be user-replaceable. This modularity allowed the consumer to replace old battery packs that had reduced capacity due to cycle fading or provided the user a means for switching out depleted batteries with charged cell packs to extend the continuous usage of the device. There are significant hazards with end user handling of batteries such as impact from dropping or puncture leading to bad outcomes associated with some inherent safety issues in lithium ion technology. Hazards include reactivity of cell materials with air and external materials, fire risk, volatility of electrolyte solvents, and health effects. To defend against these, user replaceable battery packs required mechanical support structures, high puncture and fire resistant packaging and robust interconnects. Lithium polymer batteries began to be widely adopted ca. 2000 as non user-replaceable modules in handheld consumer electronics. The lithium polymer batteries, packaged in soft plastic and metal foil pouches, were encased inside the mechanical housing of the products they were embedded in (e.g., the Apple iPod and iPhone designs from 2001 to the present). These lithium polymer pouch cells were able to achieve acceptable energy densities, in part, due to the fact that integrated mechanical protection and packaging for the battery could be reduced in size, thickness and volume as the product casing provided these protective functions. This ''spare'' volume could be used for more active cell materials and therefore higher effective volumetric capacity.
As we look forward to thin, flexible and wearable electronics, the use of mechanically sensitive batteries needs to be reconsidered. The assumption of mechanical protection from a rigid outer case is not generally a valid one. In thin and flexible devices there may only be limited mechanical protection provided by a softer product enclosure or there may be no mechanical protection at all. At the same time, flexible electronics is inherently more likely to sustain mechanical damage due to their end use cases. For example, there would be a higher likelihood of a significant mechanical impact to a wrist or helmet worn smart bandage or activity monitor as compared to a pocket-or handbag-stored smartphone. Popular wearable electronics such as the Nike Fuel Band and the Samsung Galaxy Gear devices that have entered the market in recent years using conventional lithium pouch cells have had to address this fact. The Fuel Band has two 36 mAh lithium polymer pouch cells embedded in it. Each cell is encased in rigid plastic and metal enclosure. This enclosure protects the cell from flexing but negatively impacts thickness and effective volumetric efficiency. The Nike Fuel Band is 6.9-8 mm thick with only limited flexibility at four points around the band at junctions between its rigid segments [36] .
3) Cell Thickness and Flexibility: Although lithium battery technology can be scaled to sub millimeter thicknesses, as evidenced in the data points in Fig. 3 , and reduced thickness is enabling for flexibility, this does not mean that thin cells are necessarily dynamically flexible. Taking a flattened object, such as a thin flexible battery and bending it into a curve, such as in Fig. 4(a) , places the object in a varying stress state, with the top convex surface in a state of tension and the bottom concave surface in a state of compression [ Fig. 4(b) ]. The amount of tensile or compressive stress varies with the distance from the surface of zero stress within the object [37] . For a mechanically homogenous object, the strain ð"Þ and stress ðÞ state in a plate with single axis curve can be approximated by
where r is the radius of curvature, y is the distance from the neutral surface, E is the modulus and is the Poisson ratio.
Substituting (1) into (2) shows the relationship between stress and bending inside object
The internal stresses are inversely proportional to the bending radius, thus, as one would expect, the stresses increase with a tighter bend, as depicted in Fig. 4(c) . By inspection of (3), it can be seen that stress increases with increasing thickness (larger y) and stiffer materials (higher E). Real multilayer structures with materials of different mechanical properties are much more complex than the simplified representation in Fig. 4(b) and (c), however, the basic trends are the same. Thicker devices are more problematic under flexing and the maximum stresses are experienced at the surfaces of the cell, which is where the packaging is located. Conventional batteries that rely on air sensitive chemistry, such as lithium polymer, require high barrier packaging which is usually provided by relatively inelastic metal foil laminates that are hundreds of microns if not millimeters from the center of the cell. This is similar to the barrier needs for moisture and oxygen sensitive flexible displays, such as OLEDs, however, flexible OLEDs benefit from the fact that they can be inherently thin, with the micron scale stacks of active layers and their inorganic barriers films contained near the neutral zone in a flexed module [3] , [38] , [39] .
In multilayer structures such as batteries, these internal stresses can ultimately lead to interfacial delamination, cracking and battery failure. The delamination forces can be particularly problematic in cells made by assembly processes for electrolyte separator and electrode layer stacks where the mechanical bonds between electrode and electrolyte layers are weak. In typical pouch cells, atmospheric pressure acting on an encasing sealed envelope helps to hold the cell components together. Under flexural strain, however, the forces holding the cell together on the concave, compressed side of the battery are reduced. Effects such as buckling of the pouch envelope in compression can also occur in thicker cells, mechanically compromising the structure under flexing. A thinner structure based on more compliant materials, such as polymers and particle/polymer composites alleviates this problem. In addition, cell structures that are monolithically integrated with good bonding between the cell layers, are more robust to the internal stresses of flexing. Fig. 4(d) shows an example of packaging failure with externally visible wrinkling and leakage of hazardous lithium electrolyte from a thin lithium polymer cell due to the cyclic stresses of repeated flexing to a 13 mm bend radius. This failure points to intrinsic issues with the lithium polymer pouch cell construction and robust flexibility. This is supported by the empirical fact that all products to date with lithium pouch cells in wearable devices, such as the Nike Fuel Band and Samsung Gear FIT fitness monitoring devices, have rigid battery frames or casings, as shown in Fig. 5 . The pouch cell modules can be formed into rigid curves, but they do not allow the battery or the device segments containing the battery to be flexed. Aside from lacking flexibility, this also adversely affects the effective volumetric capacity and energy density from an overall system design perspective. The mechanical protection structure adds millimeters of additional thickness to the battery module of a given capacity. For a module that is only millimeters thick, the impact of additional millimeters of protective housing can be dramatic. Consider the 4.4 mm thick, 210 mAh/3.8 V cell used for one of these high functionality wearable products [45] . Considered by itself, the packaged cell has a volumetric capacity of 97 mAh/cm 3 as shown in Table 2 . In the full product design the cell is further protected by a plastic housing estimated to be at least 1.5 mm thick. The additional thickness of the required housing reduces the volumetric capacity of this total module by a factor of more than two to 44 mAh/cm 3 and leads to an effective energy density of 167 mWh/cm 3 .
4) Benchmarking of Flexible Batteries:
To date there has been little standardized characterization data available for battery performance under dynamic bending corresponding to the needs of flexible and wearable electronics. Given this situation, the authors developed a flexible battery test protocol and standard test equipment to characterize the flexibility of batteries using the specifications and inputs from a range of potential customers to drive the effort. The test protocol that was developed includes a series of tests in different bend configurations, including static and dynamic bends, and can characterizes battery components as well as full batteries. The semiautomatic tool developed by Imprint Energy and U.C. Berkeley to carry out dynamic flexural cycling tests across a range of bend radii and flexing motions is shown in Fig. 6 . configured in single radius flexing mode. It can also be configured in stretching modes and a coiling mode where the sample under test is cycled through a continually changing radius.
Commercial lithium-ion and lithium polymer batteries were tested using this tool, in combination with Arbin electrical test equipment for charging and discharging cells, to benchmark their performance against printed zinc polymer cells. The zinc polymer cell technology is discussed in more detail in Section III. The commercial lithium batteries that were tested were advertised as being flexible and suitable for wearable electronics. Within less than 1000 dynamic bend cycles to a 13 mm bend radius, which is a specification for some wearable products, all of the commercial batteries catastrophically failed. Several of the commercial lithium polymer pouch cell batteries leaked or gas expanded, which posed serious safety concerns. Zinc polymer batteries were tested beyond 4000 bend cycles with G 10% performance degradation. Data and images of the physical effects of these flexibility tests are shown in Fig. 7 .
5) Cell Chemistry, Design for Flexibility and Manufacturing:
Battery chemistry can dictate cell packaging, which, as has been shown above, is key to robust flexibility and energy density. Battery chemistry also has a direct impact on the manufacturing approach and cost of cell production. Previous sections have shown the susceptibility of lithium polymer pouch cells to dynamic flexing. Other cell types using pouch cell packaging, such as Zinc/C thin primary batteries based on volatile aqueous electrolytes, would also be sensitive to flexing. The pouch cell format is a means to deal with a range of issues including materials sensitivities as well as mechanical assembly and forming issues. The pouch cell envelope prevents the detrimental reaction of cell materials with air. The pouch cell packaging also prevents evaporation of volatile electrolyte solvents that are necessary to achieve good ionic conductivities and discharge performance. Lastly, the pouch cell material provides some mechanical damage and flammability resistance.
A typical lithium polymer cell consists of a porous mechanical separator layer that is sandwiched between anode and cathode assemblies that are typically composite particle and organic matrix films coated onto metal foils. Although there can be some adhesion between the separator and the electrodes, the force of atmospheric pressure on the pouch after vacuum sealing also supplies mechanical integrity for the cell. Loss of this pressure through gas generation due to internal side reactions, leakage, or due to local buckling under flexing, as discussed previously, can lead to loss of interfacial integrity, delamination and performance loss. The sensitivity of lithium compounds, such as LiPF 6 , a common electrolyte salt [42] , to air, dictates that the electrolytes and the electrolyte filling process must be conducted in inert atmospheres. This adds manufacturing complexity and prevents the use of lower cost, open air, industrial processes.
Other thin lithium battery types, such as thin primary lithium cells, use lithium metal anodes similar to those used in primary coin cells. Lithium metal anodes have inherently high energy densities due to having the densest possible source of lithium metal stored in the anode. In larger secondary battery applications, however, lithium metal technology was removed from the market due to safety concerns associated with spontaneous lithium reactivity, dendritic shorting and fires. In this construction, safety is sometimes augmented by the use of low flammability polymer electrolytes [43] . These low flammability cells are also notable for their ability to survive the hot lamination process for credit card fabrication and have been used commercially in smart cards. There are limitations on transport of lithium metal batteries, however, and limited amounts can be transported in bulk on passenger aircraft [44] .
A wide range of volumetric capacities have been demonstrated with thin lithium technologies, however, none of them approach the ca. 100 Ah/l capacities of bulk lithium polymer cells (Fig. 3 ). An example 10 mAh, 0.45 mm thin lithium metal cell has a calculated volumetric capacity of approximately 30 mAh/cm 3 and an effective energy density of 80 mWh/cm 3 at a C/40 discharge rate (250 A) [45] . These cells have a lateral area of 7.5 cm 2 , the areal capacity for this cell is 1.5 mAh/cm 2 and the areal energy density is 4.1 mWh/cm 2 at C/40 discharge [46] . Areal energy densities for this cell are 0.41 'mWh/cm 2 . This low energy density is typical of the relatively thin cathodes inherent to vacuum-deposited cells as was discussed in Section II-C2.
Utilizing less reactive, less volatile and safer chemistries for flexible, thin batteries can reduce packaging and thickness and this, in turn, improves volumetric capacities. The advantage for more benign chemistries in small batteries is also significant from a manufacturing cost and scale-up perspective. Batteries that are based on air and moisture insensitive materials can use open air industrial printing, coating and laminating process for cell manufacture. This can dramatically reduce costs of production on an amortized basis. It can also lower the minimum capital investment required for a large scale manufacturing process line. Much has been made about the impact of massive scale battery manufacturing for applications in large scale storage like electric vehicles (e.g., $5B for 35 GWh/year of lithium ion cells for electric vehicles) [47] . However, in product spaces like wearable and IoT labels where cells are polymer cells from established battery suppliers in the small mobile electronics area that were advertised as flexible and applicable to wearable electronics catastrophically failed within 2000 bend cycles as seen in the electrical data shown here where the cells' rechargeable capacity was seen to fade in capacity erratically by up to fifty percent after dynamic flexing and a short electrical cycling sequence. The erratic behavior suggests delamination of cell interfaces and packaging leading to intermittent and degraded interfacial contact in the cell. In many cases, (b) lithium cells expanded due to internal pressure from gas evolution, which poses serious safety concerns. Printed zinc polymer batteries were stable after > 4000 bend cycles to a 13 mm bend radius which is a radius specification proposed for wrist-worn wearable applications. (c) Printed zinc polymer cells showing no detectable physical change after the same cycling test. not likely to be ''one size fits all'', cell capacities may be only 30-300 mWh in unit capacity. Production volumes in the flexible electronics space are more likely to be in the 1 M/month level per product design, equivalent to 0.0036 GWh/yr production. In this case, smaller footprint process lines and lower capital outlays are advantageous. Seven year capital depreciation analysis of a $1.5M manufacturing line that can produce one million cells per month implies a per unit capital equipment cost of 1.8 cents per cell, which is attractive for this scale of production [48] . This cost and productivity structure is possible with industrial printing and coating tools enabled by air-stable cell materials.
Companies working in the Zn/C primary battery space benefit from the safety and ease of handling of stable and low toxicity Zn-based materials sets. In spite of the stability and safety advantages of zinc, however, these Zn/C cells are typically based on assembly and liquid infiltration of porous electrolyte separator sheets and electrodes in packaged cells that are similar to their lithium counterparts. Recent progress in zinc polymer electrolytes has enabled fully printable cell structures that do not use a separator. The polymer electrolyte layer solidifies from solution during drying into a self-supporting film after being deposited directly onto the underlying electrode. This approach simplifies the manufacturing process and also allows for a mechanically integrated cell stack as each adjacent layer is bonded in a monolithic stack of successive solution-printed layers. This creates a cell stack that resists delamination and is robust under flexing as has been evidenced by dynamic flexibility testing of these printed cells.
The ZincPoly battery technology depicted in Fig. 8 , leverages cost-effective, stable and earth-abundant zinc and manganese dioxide battery electrodes that have been engineered to be printable and compatible with the novel high ion conductivity solid polymer electrolyte. The nonaqueous electrochemical reactions leveraged in this battery chemistry are akin to lithium metal and lithium polymer cells, but with an active zinc ion being shuttled between the electrodes. On the zinc anode side, dissolution and electroplating of the zinc occurs during recharging and discharging, respectively. 200 cycle rechargeability with less than 10% capacity loss was measured on an air-printed zinc polymer cell at a C/2.5 discharge rate. This high cycling stability for a secondary zinc battery is thought to be due to stable plating of the zinc ions from the electrolyte during recharging such that metallic dendrites or mossy deposits are suppressed. Three dimensional anode interface growth can cause electrode shorts and degrade cell cycling stability. A scalable, large area print process has been developed for zinc polymer batteries and can be optimized with regards to print parameters, compositions and film thicknesses to reach target volumetric and areal energy densities and capacities. Prior to this, the corrosive nature of traditional acidic and alkaline electrolytes and challenges with interfacial shape changes at the zinc electrode-electrolyte interface has prevented commercial zinc-based batteries from being extensively rechargeable, and as a result, traditional zinc-based batteries have predominantly been utilized in single-use and disposable applications.
Another unique feature of this high ionic conductivity ð$ 10 À3 S/cmÞ polymer electrolyte is its negligible volatility. It does not contain volatile or flammable solvents that can dry out over time. This maintains the ion transporting and electrochemical properties of the polymer electrolyte while concurrently sustaining mechanical robustness. This is different from other technologies, such as battery chemistries using aqueous Zn or lithium electrolyte chemistries that use flammable carbonate solvent. These require special encapsulation materials and structures to contain volatile solvents and water, which can be less mechanically stable. 
and product lifecycles for flexible and wearable systems can vary considerably from single use disposable scenarios with continuous electronic operation from activation to recharged > 1 week use cycles with intermittent, useractivated operational periods. Wearable electronics, due to their proximity to the body and collision-prone environment also require low flammability, impact and puncture resistance, and low toxicity. In some cases, such as medical devices, disposability is also a factor. Fig. 9 shows a block diagram of an example wireless health or fitness monitoring device and the key system blocks. A similar architecture could be used for remote wireless sensing labels, data loggers or smart cards.
In determining the current and energy storage needs of these systems, the details of the use case: the operational cycle of the system and its submodules, must be considered. This includes the basic operational cycle of the device and the corresponding power needs for the sensing, analog to digital conversion, display, and communication operations as well as the power drawn when the system is waiting between periods of high activity (e.g., sleep modes). A simple low current sensor system might monitor temperature, skin conductivity or the response of chemiresistive sensor arrays [49] with relatively low frequency sampling rates and a bistable display element. These sensors have relatively low average current and energy storage requirement. Higher sample rate optoelectronic monitoring systems, such as wireless optical pulsemeters, and ECG can require > 100 Hz sampling [50] . In some of these cases, signals can be aggregated, processed or stored between communication events to minimize the number of wireless events.
Displays are also important considerations for some system designs. Emissive displays such as OLEDs or LED arrays can draw milliamps to tens of milliamps of continuous current during operation. An example 10 cm 2 area OLED display module with an average brightness of 200 Cd/m 2 and module level external quantum efficiency (EQE) of 20 Cd/A operating at 9 V would consume 45 mW of power under continuous illumination or 0.45 mW of power at a 1% duty cycle. At a supply voltage of 3 V, this would correspond to sustained pulse currents of 15 mA. Inorganic LED displays, such as the Nike Fuel Band digital array of 100 white LEDs and 20 single color level indicators, also consume significant power. In operation, this display consumes 20-30 mA of current (74-11 mW) from the battery. Bistable displays, generally consume much less average current per unit area than emissive displays, however, high transient currents during high voltage pixel switching pulses can be required. E-ink Pearl displays require write operation durations of 100's of milliseconds to over a second depending on display type and drive voltage [51] . Although voltage-driven reflective displays are essentially capacitive in nature, instantaneous switching and driver currents during these periods can also vary from the 100 micro amp scale to the 100 mA scale depending on drive mode, (i.e., monochrome segmented to high resolution grey scale and color active matrix). For the examples we are considering here in Fig. 10 and Table 5 , a relatively low current segmented electrophoretic display module is assumed. This type of display would be suitable for displaying sensor readings, timing information, security passcodes or other simple alphanumeric information. The current consumption of the different modules of example systems averaged over the entire duty cycle for a low sample rate sensitive sensor system are charted in Fig. 10(a) . A higher sample rate optoelectronic wireless sensor system is also modeled in (b). In the case of the resistive sensor system, the current and power consumption is dominated by the wireless and logic modules while the sensing module and its associated analog to digital converter draws relatively low currents. In the case of the higher sampling rate optical pulsemeter, the sensing and microcontroller modules dominate the power budget due to the almost continuous operation of the microcontroller during 100 Hz sampling and the higher currents associated with the optoelectronic emitter/sensor module [see Fig. 10(b) ]. In terms of total current budget, summing across the module currents, the low sampling rate resistive sensor system uses a total average current of around 90 microamperes. A battery with a 20 mAh capacity would run this system, following the power budget described in Fig. 10(a) and Table 3 , for approximately 9 days on a single charge. For the case of the high sampling rate optoelectronic pulsemeter, the average overall system currents would be $1.3 mA. A 35 mAh battery would power the pulsemeter with daily charging. Assuming a minimum areal capacity of 2 mAh/cm 2 these battery capacities can be achieved in an area of 10 to 17.3 cm 2 , respectively. Batteries of this size can be accommodated in label, wrist format or similar form factor devices.
The charts in Fig. 10 show the system block currents averaged over the whole use cycle of the application. In terms of absolute peak current delivery demands on the MacKenzie and Ho: Perspectives on Energy Storage for Flexible Electronic Systems battery for both system examples, the highest current demands are the >10 mA pulses required for the wireless connectivity. In this example, the widely supported Bluetooth Low Energy (BTLE) [52] wireless protocol was assumed. The instantaneous currents and duty cycles for the system modules charted in Fig. 10(a) are broken down in Table 3 . The RF transmit currents (TX) were 15 mA and the receive mode currents (RX) were 18 mA in this particular BTLE module. A conservative estimate of 5 millisecond TX and RX pulses and a ten second period is equivalent to a 0.05% duty cycle. Although the pulsemeter example discussed above has a considerably higher average current due to higher microcontroller, ADC and sensor activity, the peak current requirements would be similarly dominated by the wireless TX/RX events. In the pulsemeter case, the system operation can be sequenced such that TX/RX events and high current sensor events do not overlap in time.
Bluetooth LE was developed to allow for new lower average power applications in wireless that Bluetooth and other secure wireless interconnection protocols are not well suited for due to higher data rates and more frequent radio events to sustain a link [53] . Bluetooth LE does reduce the average power consumption as compared to Bluetooth through simpler modulation schemes and lower data rates, however, the 2.45 GHz physical layer, that is the raw transmission physics of BTLE and Bluetooth, is the same. This means that the instantaneous pulse requirements in TX and RX mode for a small connectivity event or single packet transfer are not necessarily reduced for BTLE versus Bluetooth Classic, the pulses are just less frequent [54] . Wireless TX/RX and additional current demands from the microcontrollers, receiver amplifiers and other devices put instantaneous current demands on the battery in the 15-20 mA peak range. Fig. 11 shows the power supply transient demands of an actual BTLE-enabled IoT tag node. The initial association phase includes receive (RX) and transmit (TX) millisecond scale pulses cumulatively peaking near 50 mW, as well as intermediate power plateaus at around 20 mW which represent high microcontroller activity. After the association of the tag onto the network, the BTLE radio goes into a low duty cycle, status checking mode with intermittent connection events. This could effectively maintain a low packet rate communications link for a basic wireless sensor or locator/identifier tag or label.
In battery terminology, the peak current delivery requirement for the resistive sensor system of Fig. 10(a) would be $1 C, that is, a peak current at a level that would continuously discharge the full capacity of the battery in 1 hour. In the case of the wireless pulse monitor in Fig. 10(b) , a battery capacity of 35 mAh would provide power for a single day use before requiring recharging. In this scenario, the peak current would represent a G 0.6 C discharge rate. Derivatives of these systems which included emissive displays or high pixel count active matrix displays could require an additional 10-100 mA of peak current. Due to its ubiquitous availability and presence in virtually all smartphone, tablets, laptops and coffee shops, WiFi wireless connectivity is an attractive communication protocol to be able to support. WiFi can add a 50-100 mA power demand on the battery.
Many conventional thin batteries have difficulties delivering ! 15 mA pulses in reasonable cell areas. Coin cells have been a low cost solution for many small rigid electronics designs, such as the 1.6 mm thick 2 cm diameter CR2016 coin cell. An industry standard CR2016 has a nominal capacity of 90 mAh and an effective peak current of approximately 2 mA, which is effectively, a C/45 rate limit [56] . Thin Zinc/Carbon cells can also have significant internal resistance limitations that prevent them from delivering the tens of mA required for active wireless and high pulse current displays [57] . Real impedances of order 100 ohms at kHz frequencies [58] , which is typical in printed Zn/C cells, would result an internal voltage drop in the battery on par with the cell voltage itself (e.g., 1.5 V) at typical wireless pulse levels (e.g., 15 mA). A cell impedance of 5 Ohms would, on the other hand, only result in a battery resistance induced voltage drop of 75 mV, which is acceptable for stable operation. To drive small WiFi radios requiring ca. 100 mW instantaneous power levels or higher, impedances of order 1 Ohm or less are desirable [59] , [60] .
Based on internal work with flexible and wearable product prototypes as well as engagements with product developers and customers looking for flexible energy storage solutions in the wearable electronics and IOT product space, the authors have developed a composite specification for flexible batteries (see Table 4 ). This specification covers low device count logic-controlled sensor labels through to WiFi, high-resolution display wearables. System functions supported in these specifications range from simple timing to wireless connectivity, high information content displays, and high sampling rate sensors.
III. PRINTABLE THIN AND FLEXIBLE ZINC POLYMER BATTERIES FOR FLEXIBLE ELECTRONICS
The limitations of the energy storage technologies for flexible electronics, as described in Sections I and II spurred interest in developing a new approach to air stable, safe electrochemical cells that accessed higher capacities per unit area than was achievable with capacitive storage. With ongoing cell structure, prototype development, and benchmarking against conventional approaches, it became clear that, in addition to the simplifications of ambient air processing, the materials stability also allowed for thinner (G 50 micron) and more flexible packaging. After demonstrating the feasibility of high areal energy capacity and the advantages of the print-based manufacturing approach, the technical capabilities of the technology had to be further expanded to include high pulse power delivery capability needed for key product features such as high information content displays and supporting active wireless connectivity (see Table 4 ). This capability is enabled by a printable, solid polymer electrolyte with a high ionic conductivity ð10 À3 S/cmÞ that can form a mechanically robust solid film, coupled with electrodes that also support relatively low impedances and high discharge rates. Fig. 12(a) shows continuous high discharge rate testing data from 10 cm 2 zinc polymer cells which can be used to power a BTLEenable wireless sensor wearable following the model developed in Fig. 10(a) . These cells are regularly fabricated with real impedances in the range of 2-5 Ohms at 1 kHz and lower impedance cells are possible.
In terms of capacity, batteries based on this technology have been demonstrated to have a maximum capacity of > 5 mAhr/cm 2 discharge from 1.8 to 1 V discharge for a G 500 micron thick cell. This shows promise for combining the advantages of previously commercialized printed or semi-printed primary zinc battery systems which include low toxicity, thin form factor [20] , [61] , with the consumer product-enabling features secondary of lithium batteries and capacitive energy storage: high capacity and high instantaneous power delivery in a thin and flexible form factor (See Table 5 ). On an areal basis the capacity exceeds thin format Zn-Carbon cells by a significant margin: 2-5 mAh/cm 2 versus > 1:6 mAh/cm 2 for cells that are 30-50% thinner. Volumetric energy capacities for zinc polymer cells of various packaging and cell stack configurations are shown in Fig. 3 . Table 5 compares the capabilities of printed zinc polymer technology to lithium and conventional zinc primary technologies. Cost and pricing varies considerably based on supply structure and volume, but based on a scaled materials and entry-level production analysis, thin zinc secondary batteries could be produced at approximately fifty to sixty percent of the cost of lithium polymer cells in Table 5 Summary of Candidate Flexible Battery Technologies [37] , [40] , [41] , [50] the 50-100 mWh capacity range at volumes in the range of 1 M units. This is due in part to lower process costs for the print-based manufacturing model but also the lower costs of zinc versus lithium polymer cell materials. The printed zinc polymer technology has been scaled to thousand cell prototype production capacity and is scheduled to be scaled to pilot production in early 2016. Efforts are also being made to characterize and extend product shelf life and transfer the longest life R&D cells into the scalable printing production process.
IV. SUMMARY AND CONCLUDING REMARKS
Flexible electronics such as wearables, conformal Internet of Things tags and on-body medical devices need a complimentary flexible energy storage technology. In addition to dynamic and static flexibility for thousands of flexural cycles enabled by thinness and cell structure, the preferred energy storage technology for this stage will be able to deliver high instantaneous power and areal capacity for highly functional flexible microsystems. In most systems, establishing a wireless data link between a flexible electronic device and other devices places the greatest instantaneous demand on the battery. It was found that capacitive technologies, although capable of high instantaneous currents and attractive due to their simple structure and low cost manufacturability, could not meet the capacity and charge retention requirements for a significant number of applications and use cases. Safety is also a critical feature, particularly for human-borne and transportation logistics devices. For flexible electronics this safety factor is all the more significant because the thin product designs leave little room for protective assemblies to separate the battery from the wearer or the battery from external impact. Thin variants of lithium ion technology are under development and show promise but there are fundamental reactivity issues to overcome. Recent developments in printed zinc polymer batteries have demonstrated that this new battery chemistry and processing approach is well suited to a broad range of features for flexible electronics.
Further progress in the area of battery technologies for flexible electronics, as customer interest in wearable electronics, Internet of Things sensors and wireless labels grows, is expected to increase the momentum of flexible battery research and development. In the thin lithium battery space, safety and packaging issues need to be addressed, but it is reasonable to expect progress in that area towards improved flexibility as cell and package structure is adapted and alternate electrode chemistries are developed. However, the fundamental process, materials costs and supply limitations associated with lithium technologies may pin costs. Furthermore, toxicity, transport regulation and disposability may prevent their use in some wearable devices or in ubiquitous use of IoT labeling in applications like product or shipment packaging and medical devices.
Emerging technologies for thin, flexible batteries such as zinc polymer are likely to begin to compete with lithium offerings in capacity and lifetime metrics, in thin cell formats G 0.5 mm. Zinc-based offerings are likely to realize cost, safety and regulatory advantages over lithium technologies, which will make them attractive in applications where safety and toxicity issues are paramount. Other factors which may influence the balance between lithium and competing technologies in this space include cost pressure on raw materials and strategic availability of lithium versus alternatives. If widespread adoption in high capacity applications for lithium batteries does occur, for example the widespread adoption in electrical vehicles, demand for lithium would increase substantially and drive costs up. Zinc-based technologies are likely to experience less demand-driven cost issues due to large domestic and international stocks and the abundance of zinc that is easily accessible globally [62] . In all cases, we should expect battery technology advances to be one of the cornerstone enablers for new functionality and product design in thin, flexible, lightweight, and low cost electronics. h
